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The creep behavior of powder-metallurgy tungsten has been studied, but  no 
data a re  avai lable  on the creep behavior of tungsten consolidated by melting. 
Green( 4, found t h a t  powder-metallurgy tungsten exhibi ted l i n e a r  creep a t  4082O 
t o  5072O F with an ac t iva t ion  energy of 160,000 cal/g mol. 
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w The s i m i l a r i t y  of 
t h i s  ac t iva t ion  energy t o  t h a t  of 153,000 cal/(g)(mole) f o r  volume s e l f  d i f fu-  
~ i o n ( ~ )  suggests t h a t  recovery of strain-hardening by d is loca t ion  climb i s  r a t e -  
control l ing i n  t h i s  temperature range. 
In  s tud ies  a t  4800' F, Sutherland and Klopp(') concluded t h a t  grain s i z e  
s i g n i f i c a n t l y  a f fec ted  t h e  creep behavior of commercial powder-metallurgy tung- 
sten, t h e  finer-grained materials being stronger than t h e  coarse-grained mater- 
ials. This grain-s ize  e f f e c t  was suggested by S h e r b ~ ( ~ ) ,  although the  opposite 
r e l a t i o n  had been generally accepted f o r  aluminum(8) and several  other  mate- 
rials(', 1 0 ) .  
The purpose of the  present study was twofold; f i r s t ,  t o  provide base-line 
data on high-temperature t e n s i l e  and creep proper t ies  of arc-melted and EB- 
melted tungsten f o r  concurrent tungsten a l l o y  studies,  and, second, t o  determine 
the  phenomenological e f f e c t s  of s t r u c t u r a l  and pur i ty  var iab les  on t h e  high 
temperature mechanical propert ies  of tungsten. 
EXPERl3ENTAL 
1 
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The arc-melted tungsten mater ia ls  were prepared by melting s in te red  1--inch- 
The arc-melting 1 
I 2 
diameter e lectrodes l n t o  2-inch-diameter by 5-inch-long L g o t s .  
f a c i l i t y  has been described previously(2).  
and hot extruded a t  3450' F t o  reductions of 6 t o  1 or  8 t o  1. The extruded rods 
were then warm swaged a t  2800' t o  2100' F t o  a f i n a l  diameter of 0.36 inch. 
Eight ingots  were melted, machined, 
I 
Two ingots  were prepared from similar electrode mater ia l  by multiple EB- 
melting. An i n i t i a l  r a p i d  melt was employed t o  consolidate the  electrode i n t o  an 
EFFECTS OF G M I N  SIZF: ON THE TEXSILE AND CREEP 
PROPERTIE3 OF ARC-MELTED AND ELECTRON-BEAM- 
MELTED TUNGSTEN AT 2250' TO 4140' F 
by W i l l i a m  De Klopp, Walter R ,  Witzke, 
and Peter  L, Raffo* 
Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio 
ABSTRACT 
rl A study m s  conducted of t h e  t e n s i l e  and creep proper t ies  of arc-melted and 
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1 electron-beam-melted tungsten over t he  temperature range 2250 t o  4140 F. The 
t e n s i l e  and creep s t rengths  vary with grain size, t he  f i n e r  grained materials 
being s t ronger ,  
creep, correspond t o  ac t iva t ion  energies of 95,000 and 141,000 cal / (  g) (mole), 
respect ively,  
s l i p  i s  rate-control l ing during t rans len t  creep, while dis locat ion climb is  rate- 
cont ro l l ing  during steady creep, 
The temperature dependencies f o r  t r ans i en t  creep, and f o r  steady 
The magnitudes of theae activa-t;ion energies suggest that cross- 
1"RODUCTT ON 
Although considerable data have been generated on t h e  high temperature ten-  
s i l e  proper t ies  of powder-metallurgy tungs ten( l ) ,  r e l a t i v e l y  f e w  data have been 
Published on t h e  proper t ies  of arc-melted(') o r  electron-beam-melted tungsten(3) 
Further,  t h e  ava i lab le  data show a fairly l a rge  amount of s c a t t e r  a t  high tempera- 
t u r e s .  
an observation( 3 ,  t h a t  high-purity electron-beam(EB-) -melted tungsten i s  weaker 
than powder-metallurgy tungsten of comparable grain s i z e o  
The e f f ec t s  of s t ruc tu re  and pur i ty  have not yet  been defined, as ide  from 
' 
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2 ingot, which was then slowly remelted f i v e  o r  s i x  times i n t o  a 2--inch-diameter 
crucible  f o r  f u r t h e r  purif icat ion.  
previously(3). 
reduction r a t i o ,  followed by swaging t o  0.36-inch-diameter rod a t  temperatures 
The EB-melting f a c i l i t y  has been described 
These two ingots were extruded a t  3oOOo and 3500' F t o  a 6 t o  1 
100' t o  ZOOo F lower than those used f o r  swaging t h e  arc-melted materials. 
Chemical analyses were obtained on tungsten consolidated by the  two melting 
processes and are  given i n  Table I. 
Specimens f o r  both t e n s i l e  and creep s tudies  were ground from the  swaged 
rods. The specimen reduced sect ion was 0.16 inch i n  diameter by 1.03 inch long. 
Tensile s tudies  were conducted on an Instron t e s t i n g  machine equipped with 
a water-cooled s t a i n l e s s  s t e e l  furnace which has been described previously(''). 
Pressure i n  t h e  furnace was maintained at t o r r  during tes t ing .  The heating 
element was a e- inch-diameter  by 7-inch-long s p l i t  tantalum sleeve. 
head speed during t e s t i n g  was 0.005 inch per minute u n t i l  the  apparent y i e l d  
The cross- 
2 
point  w a s  exceeded, a f t e r  which t h e  r a t e  was increased t o  0.05 inch per minute. 
Limited s tudies  were a l s o  conducted a t  constant cross-head speeds of 0.002, 0.02, 
0 .2 ,  and 2 inches per minute. True-st ress- t rue-s t ra in  flow curves were constructed 
f o r  each t e n s i l e  t e s t  up t o  the  point of maximum load by assuming constant volume 
and uniform deformation i n  the  reduced section. Since extensometers capable of 
measuring specimen s t r a i n  i n  the  2500° t o  4000' F range were not available,  the  
specimen elongation w a s  taken as equal t o  t h e  cross-head motion. 
1 
Short-time step-load creep tes t s  were a l s o  conducted i n  the  t e n s i l e  machine. 
t 
For these  t e s t s ,  load cycling controls  allowed the  load t o  cycle around a prese t  
load by d percent. The cross-head speed was adjusted during t e s t i n g  t o  produce 
2 
minimum cycling. The loads were increased i n  10-percent increments a t  15-minute 
i n t e r v a l s  . 
4 
Long-time creep tests were conducted in a conventional beam+load machine 
equipped with a vacuum chamber and tantalum heater similar to that Used for ten- 
sile testing. Sample extensions were measured from loading rod movement 
and correc@ed forsettllng and creep of the loading rods. 
Grain sizes were measured metallographically on the heated but undeformed 
shoulders of all tensile and creep specimens after testing by using a boundary- 
intercept counting method (12) . 
Calibrated W/W-26Re thermocouples were used for all temperature measurements. 
RESULTS AND DISCUSSION 
Tensile Studies 
High-temperature tensile data were obtained on arc-melted and EB-melted 
specimens in the as-swaged condition and after annealing at temperatures from 
2500' to 4200' F. 
of ultimate tensile strength versus test temperature in Fig. 1, considerable 
The data are summarized in Table 11. A s  seen from the plot 
variation in strength was observed at each test temperature. 
melted tungsten was strongest, while annealed EB-melted tungsten was weakest. 
The as-swaged arc- 
Metallographic studies on the broken specimens suggested that these differ- 
ences in strength were associated with differences in microstructure. Swaged 
arc-melted tungsten retained a worked structure after testing at 2500' or 3000' F, 
indicating that the high strengths result from retained strain-hardening. 
specimens tested at 3500' or 4140' F exhibited fine and coarse-grained equiaxed 
The 
structures, respectively. The swaged EB-melted specimens had equiaxed structures, 
after testing at 2500' F or higher, indicating a much lower recrystallization 
temperature for this material, 
"he strength variations f o r  the swaged materials that recrystallized during 
testing as well as those that were annealed before testing could be correlated 
with grain size, A plot of ultimate and yield strength for the arc-melted speci- 
mens and ultimate strength for the EB-melted specimens versus average grain dim- 
5 
eter, presented i n  Fig,  2, shows t h a t  t h e  s t rengths  decrease with increasing 
gra in  s i z e .  
perature  over the  range 2500 
The gra in  s i z e  dependencies, which appear t o  be unaffected by t e m -  
0 0 to 3500 F may be expressed a s  
(1) 
( 2 )  
0 = &'0.12 
U 
= BL-0.25 
Y 
where 
a, ult imate  t e n s i l e  s t rength,  p s i  
uy 0.2 percent o f f s e t  y i e l d  s t rength,  p s i  
A,B temperature dependent constants 
L average gra in  diameter, cm 
Thus, decreasing t h e  gra in  s i z e  from 0-1 cm, t y p i c a l  f o r  arc-melted tungsten 
annealed above 4000' F, t o  0 '005 cm, typ ica l  f o r  j u s t - r ec rys t a l l i zed  arc-melted 
tungsten, increases  t h e  ul t imate  s t rength by 40 percent and the  y i e l d  s t r eng th  
by 80 percent.  
It i s  a l so  apparent from Fig.  2 t ha t  t h e  ul t imate  s t rengths  of t h e  EB-melted 
mater ta l s  were only about 85 percent as high as t h e  ul t imate  s t rengths  of a rc -  
melted tungsten a t  the  same grain s izes .  I n  view of t h e  f a i r l y  l a rge  d i f fe rences  
i n  meta1l.i.c impurity contents between arc-melted and EB-melted tungsten, as 
shown i n  Table I, t h i s  d i f fe rence  is  a t t r ibu ted  t o  impurity strengthening i n  t h e  
a r c  -melted material .  
* 
Considerable sca t t -e r  was observed i n  t h e  yield-s t rength da ta  for EB-melted 
tungsten,  and these  data could n9t be f i t t e d  t o  a s t r a igh t - l i ne  r e l a t ionsh ip  with 
grain s i z e .  The y i e l d  s t rengths  were considerably below those exhibi ted by 
arc-melted tungsten, as seen from t h e  data  i n  Table 11, 
6 
True s t r e s s  was p lo t t ed  against  t r u e  s t r a i n  from t e n s i l e  data f o r  t he  re -  
c r y s t a l l i z e d  mater ia l s  t o  obtain the  parabolic strain-hardening coeff ic ient(13,  14) 
from t h e  r e l a t i o n  
'i = ( 5  - UY)2/E (3)  
where 
X strain-hardening coef f ic ien t ,  psi2 
u t r u e  s t r e s s ,  ps i  
E t r u e  s t r a i n  
The s t rength  coef f ic ien t  S and t h e  strain-hardening exponent n were a l s o  
obtained from log-log p l o t s  of t h e  data  according t o  the  familiar r e l a t i o n  
u = sen ( 4 )  
Values f o r  t he  constants x, S, and n are  included i n  Table 11. 
Representative parabol ic  p l o t s  of flow curves f o r  arc-melted tungsten are 
The experimental data a t  2500' F gave good f i t s  when p l o t t e d  shown i n  Fig.  3. 
parabol ical ly ,  but  a t  higher temperatures, reasonable p l o t s  were only obtained a t  
low t o  intermediate s t r a ins .  The deviations a t  higher s t r a i n s  a re  a t t r i b u t e d  t o  
g ra in  bou-ndary t ea r ing  and s l iding,  which inva l ida t e  the  assumptions of constant 
volume and uniform deformation upon which the  t r u e  s t r e s s  and t r u e  s t r a i n  calcu- 
l a t i o n s  a r e  based. 
The strain-hardening coe f f i c i en t s  decreased with increasing temperature and 
with increasing gra in  s ize ,  as seen f r o m  t h e  data i n  Table 11. Although t h e  data 
exhib i ted  some sca t te r ,  t h e  grain-s ize  dependency of t he  strain-hardening coef- 
f i c i e n t  f o r  arc-melted tungsten d id  not appear t o  vary with temperature and could 
be expressed by 
x = CL-O-2 (5) 
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where C i s  a temperature-dependent proport ional i ty  constant. The s t r a in -  
hardening coe f f i c i en t s  f o r  
respond t o  extrapolat ion of t h e  da ta  f o r  arc-melted tungsten t o  l a r g e r  gra in  
s i zes  and, because of data  s c a t t e r  and few data points,  could not be f i t t e d  t o  
a g ra in  s i z e  plot .  
EB-melted tungsten were much lower than would cor- 
Log-log p l o t s  of t r u e  s t r e s s  versus t r u e  s t r a i n  general ly  gave s t r a i g h t  
l i n e s  f o r  arc-melted tungsten, but  the p lo ts  for EB-melted tungsten tended t o  
curve upwards s l i g h t l y  w i t h  increasing s t ra in .  This mater ia l  a l s o  exhibi ted 
higher strain-hardening exponents than did arc-melted tungsten. Data from the 
present  study a re  not considered surf i c i e n t l y  accurate  t o  d is t inguish  a b e t t e r  
f i t  with e i t h e r  t he  parabol ic  or exponential type of re la t ion ,  since t r u e  s t r a i n  
w a s  ca lcu la ted  from cross-head 
instantaneous strain-hardening 
t ions ,  which a re  d i f f e r e n t i a l s  
Sample comparisons (not  shown) 
motion rather  than t r u e  specimen elongation. The 
rates may be ca lcu la ted  from t h e  following equa- 
of equations (3) and (4) :  
du/de = $7/;;7; ( 3 4  
da/d& = nSEn-1 (4a)  
of t he  d i f f e r e n t i a l s  ca lcu la ted  from equations 
(3a) and (4a)  indicated differences up t o  40 percent when the  exponent 
t h e  range 0.25 t o  0.35; f o r  those EB-melted specimens where n approached 0.5, 
t he  instantaneous strain-hardening r a t e s  were similar a t  l e a s t  over the  s t r a i n  
range 0.02 t o  0.2. 
equations (3a) and (4a)  a re  equivalent when n equals  0.5, with x equal t o  S2. 
n was i n  
The l a t t e r  observation i s  i n  agreement wi th  the  f a c t  that 
Variat ions i n  s t rength  and strain-hardening coe f f i c i en t s  with gra in  s i z e  a t  
high temperatures have been observed previously (8, 15), although a complete pic- 
t u r e  of t h e  mechanism has not ye t  emerged. 
A mechanism based on strain-hardening has been described by McLean (8) , 
who suggests t h a t  t h e  increased s t rength with decreasing gra in  s i z e  r e s u l t s  
from t h e  increased complexity of s l i p  within the ind iv idua l  grains .  During 
deformation of  a polycrys ta l l ine  material ,  t he  ind iv idua l  grains  are p a r t i a l l y  
constrained by t h e i r  neighbors so t h a t  s l i p  on a given plane can proceed only 
t o  t h e  extent  that t h e  neighboring grains can deform t o  accomodate the 
changing gra in  shape, A s  t h e  l i m i t  of deformation i n  a given d i r ec t ion  i s  
approached, t he  resolved s t r e s s e s  within t h e  gra in  increase and s l i p  begins 
on o the r  planes more favorably or iented with respect  t o  t h e  neighboring gra ins .  
Decreasing grain s i z e  reduces t h e  t o t a l  s t r a i n  t h a t  can be accommodated on t h e  
most favorably or ien ted  s l i p  planes, and t h e  stress increases  more rap id ly  with 
t o t a l  s t r a i n  i n  order  t o  a c t i v a t e  s l i p  on l e s s  favorably or ien ted  planes, giving 
r i s e  t o  the observed increasing s t rength and strain-hardening rate with decreasing 
gra in  s i z e ,  
A second poss ib le  explanation i s  concerned with t he  e f f e c t  of gra in  bound- 
aries on d is loca t ion  densi ty ,  It has been shown recent ly  (16) that t h e  dens i ty  
of mobile d i s loca t ions  
s t r a i n  E 
p is approximately proport ional  t o  the first power of 
( 6 )  
C 
p = DE ( c  = about 1) 
and t h e  flow stress u t o  produce p l a s t i c  s t r a i n  is proport ional  t o  the square 
roo t  of the  d is loca t ion  densi ty  
where 
( 7 )  
s t r e s s  t o  i n i t i a t e  d i s loca t ion  motion, psi  
a propor t iona l i ty  constant 
9 
By s u b s t i t u t i n  Eq. 6 i n t o  Eq. 7, a parabolic re1  
obtained which i s  similar t o  Eq. 3: 
a = a. + a,- 
t i o n  between IS d E i s  
( 8 )  
It i s  f u r t h e r  seen t h a t  increasing the dis locat ion densi ty  f o r  a given s t ra in ,  i. e . ,  
increasing the  proport ional i ty  f a c t o r  D between p and E, increases  t h e  required 
flow s t r e s s  and has the  same e f f e c t  a s  increasing the  strain-hardening coef f ic ien t  
X i n  Eq. 3. 
Since grain boundaries can a c t  both as sources and mul t ip l ica t ion  s i t e s  f o r  
dis locat ions,  an increase i n  the  gra in  boundary area per u n i t  volume (reduction 
i n  grain s i z e )  could a f f e c t  t h e  s t rength and strain-hardening coef f ic ien t  by in-  
creasing t h e  dis locat ion density f o r  a given s t ra in .  
Creep Studies 
Constant-load and step-load creep s tudies  were conducted on arc-melted and 
EB-melted tungsten a t  temperatures from 2250' t o  4000' F. 
a r e  summarized i n  Tables I11 and IV.  
Data from these s tud ies  
Representative constant-load creep curves f o r  arc-melted tungsten a t  3000° F 
a r e  shown i n  Fig. 4. The creep of tungsten a t  t h i s  temperature may be represented 
by per iods of t r a n s i e n t  or primary creep, during which the  creep rate decreases; 
steady o r  secondary creep, during which the  creep r a t e  remains constant; and ter- 
t i a r y  creep, characterized by an increasing creep r a t e  terminating i n  f rac ture .  
A t  2750' F and lower, only t r a n s i e n t  creep was observed p r i o r  t o  t,ertiary creep, 
while a t  2875' F and higher, both t rans ien t  and steady creep were observed. 
A p l o t  of steady creep r a t e s  and approximate rupture l i v e s  versus s t r e s s  a t  
. .  
3000°, 3500°, and 4000° F i s  shown i n  Fig. 5. The rupture l i f e  scale  i s  calcu- 
l a t e d  from the  r e l a t i o n  
&tr = constant ( 9 )  
where 
10 
& steady creep ra te ,  sec'l 
tr rupture l i f e ,  sec 
Using a value of 0 . 2  f o r  
data of t h i s  study i s  +23  percent. Also included are  t e n s i l e  data  on arc-melted 
tungsten a t  s t r a i n  r a t e s  of 3 . 3 ~ 1 0 ' ~  t o  3 . 3 ~ 1 0 ' ~  see''. These data show con- 
s iderable  s c a t t e r  a t  each temperature. 
K, the  average e r r o r  i n  the  rupture l i f e  sca le  for the  
The steady creep r a t e  data  were analyzed by the  method of l e a s t  mean squares 
and f i t t e d  t o  a re la t ionship  of the  type recent ly  proposed by Sherby(7): 
G = K Q L ~  (10) 
where 
K temperature-dependent constant 
a, b temperature-independent constants 
uc engineering creep s t r e s s  
Average values of 5.8 were determined f o r  a, t h e  exponential s t r e s s  factor ,  and 
0.43 f o r  b, the  exponential g ra in  s i z e  fac tor .  The s t r e s s  f a c t o r  of 5.8 i s  close 
t o  the  value of 6.3 observed by Green( *) f o r  powder-metallurgy tungsten a t  higher 
temperatures. 
The gra in  s ize  f a c t o r  of 0.43 i s  less than the  value of 2 proposed i n  the 
recent review by Sherby(7) and observed by Feltham and Meakin i n  copper(17) and 
Sutherland and Klopp i n  powder-metallurgy tungsten ( 6 ) .  However, the  increase i n  
creep ra te  with increasing grain s ize  is  i n  q u a l i t a t i v e  agreement with these and 
o ther  recent  observations (18-20). I n  contrast ,  s tud ies  on aluminum(8) and other  
metals( 9, lo) showed the  opposite effect ,  t h e  coarse-grained materials being more 
c reep- res i s tan t  than the fine-grained materials.  The reasons f o r  these conf l ic t -  
ing  observations have not ye t  been s a t i s f a c t o r i l y  explained. 
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The s t r e s s  necessary t o  give a creep r a t e  of 10-6sec-1 is p l o t t e d  aga ins t  
g ra in  s i z e  i n  Fig. 6. The s t r e s s  during creep is  proportional t o  the  -0.074 
power of gra in  s ize ,  as calculated from Eq. 8. 
exponential  f a c t o r  of -0.12 observed f o r  the dependency of t h e  short-time u l t i -  
This is  measurably less than the  
. matetensi le  s t rength  on grain s i z e  (shown in Fig. 2) ,  implylng that t h e r e  may 
be a change or modification i n  t h e  rate-control l ing reaction. The s t rength  a t  
elevated temperatures is considered t o  be determined from competition between 
strain-hardenisg and r e c o v e q  react ions.  During t e n s i l e  tes t ing ,  where the 
to ta l .  time is  shor t ,  strain-hardening may exer t  the  predominant influence on 
s t rength.  During creep tes t ing ,  however, the t e s t  times are considerably 
Longer and recovery react ions a r e  considered rate-control l ing.  The mechanisms 
by which g r a i n  s i z e  is  postulated to a f f e c t  s t rength are increasing t h e  complexity 
of s l i p  and/or increasing the d is loca t ion  density,  
sociated with strain-hardening r a t h e r  t h a n  recovery, the decrease i n  grain-s ize  
dependence may r e f l e c t  the increasing importance of recovery as the  rate- 
Since these  are both as- 
I 
con t ro l l ing  reac t ion  a t  low strain rates. 
It is  also apparent from Fig. 6 that the  creep s t rengths  of both arc-melted 
agd EB-reeXted tungsten are similar when compensated f o r  gra in  s ize;  i n  cont ras t ,  
E3-melted tungsten w a s  weaker than arc-melted tungsten of s i m i l a r  g r a b  s i z e  i n  
short-time t e n s i l e  tests a This cklffexence h behavior suggests that impuri t ies  
which moderately s t rergthen arc-melted tungsten during tens i le  t e s t i n g  by 
increasing the  rate of s t rah-hardening a r e  r e l a t i v e l y  i n e f f e c t i v e  during creep, 
fur ther  r e f l e c t i n g  the  increasing importance of recovery r a t h e r  than s t r a i n -  
hardening as t h e  rate-controlling reaction a t  l o w  s t r a i n  rates. 
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The s teady creep rate data and t h e  t e n s i l e  s t rengths  a t  various s t r a i n  
rates were r ep lo t t ed  against  s t r e s s  (Fig. 7 )  after t h e  creep rates and s t rengths ,  
respect ively,  were normalized t o  a grain s i z e  of 0.04 cm, about midway i n  the  
range of gra in  s i z e s  studied. The int roduct ion of the  grain s i z e  f a c t o r  con- 
s iderably  reduces t h e  s c a t t e r  i n  these  data- The t e n s i l e  s t rengths  are a l s o  
similar t o  t h e  creep s t rengths  a t  similar s t r a i n  rates. 
the  s t r a i n  ra te-versus-s t ress  p l o t s  a t  3000' and 3500 
than 1013sec'1 ind ica tes  a change i n  the ra te -cont ro l l ing  react ion,  possibly 
from recovery a t  t he  low s t r a i n  r a t e s  t o  strain-hardening a t  t h e  high s t r a i n  
rates 
The change i n  s lope  of 
F and s t r a i n  rates g rea t e r  0 
The temperature dependency of the  high-temperature creep of tungsten i s  
The lack  of co r re l a t ion  shown i n  Fig.  8. 
between the data of Green and of the present study may r e f l e c t  compositional 
d i f fe rences  between Green's powder metallurgy tungsten and arc-  and EB-melted 
tungsten. A t  temperatures above about 3300 F, the temperature dependency 
corresponds t o  an ac t iva t ion  energy of 141,000 tal/( g)  (mole), s l i g h t l y  less 
than t h e  160,000 cal / (g)(mole)  observed by Green. 
t h e  temperature dependency is  seen t o  decreaseo 
The data of Green(4) a r e  a l s o  shown. 
0 
Below about 3300' F, 
The ac t iva t ion  energy of 141,000 cal / (g)(mole)  i s  c lose  t o  that  f o r  self- 
d i f fus ion  i n  tungsten,  153,000 ca l / (  g) (mole,(5! suggesting %hat recovery of 
stratn-hardening by d is loca t ion  cllmb is t h e  ra te -cont ro l l ing  mechanism above 
5300 F. The signif icance of t h e  decrease i n  ac t iva t ion  energy below 3300 F is  
not e n t i r e l y  c l e a r ,  
covery mechanism i n  t h e  temperature rmge  below t h a t  f o r  d i s loca t ion  climb, i . e* ,  
about 0.4 t o  0 - 5  Tm 
i s  not  t h e  mechanism by which edge dis locat ions can be recoveredj thus,  t h i s  
mechanism cannot r e s u l t  i n  complete recovery and does not give s teady creep be- 
0 0 
Cross-slip has been postulated as the  rate-control l ing re- 
e However, it is  general ly  considered t h a t  c ross -s l ip  
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havior. It i s  l i k e l y  that the  behavior i n  t he  2875 t o  3300'F range represents  
a t r a n s i t i o n  between climb, which recovers edge dis locat ions a t  t he  higher 
temperatures and cross-s l ip  a t  the  lower temperatures. 
The t r ans i en t  o r  primary creep flow was also studied a t  2 2 5 e t o  3500' F 
i n  order t o  character ize  more completely the high temperature creep behavior 
of tungsten and t o  determine the  r e l a t ion  between t r ans i en t  and steady flow 
ra t e s ,  The t r ans i en t  port ions of the  creep curves f o r  annealed specimens could 
be correlated according t o  t h e  familiar Andrade r e l a t i o n  
1,/3 e = B t  
where 
e engl.neering s t r a i n  
t time, sec 
j3 t r ans i en t  creep rate, sec -1/3 
Fig, 9 compares t h e  t r ans i en t  creep r a t e s  w i t h  t he  subsequent steady creep 
r a t e s  at; 2 8 7 9 t o  3500'F f o r  both arc-melted and EB-melted mater ia l ,  It i s  seen 
that f o r  EB-melted and f o r  annealed. arc-melted specimens, t he  r a t e s  may be corre- 
l a t e d  by a parabolic r e l a t i o n  
3 2 e = 0,3 p 
Similar r e l a t i o n s  have been observed previously f o r  copper (16) and f o r  c o l M i u m ( 2 2 ) ,  
while data  f o r  lead  (18) showed a cubic r e l a t i o n  between and j3. The 
t r a n s i e n t  flow f o r  arc-melted specimens which were i n i t i a l l y  i n  the  swaged 
condition was l e s s  than f o r  annealed specimens which had similar steady creep 
r a t e s  and could not be f i t t e d  t o  the  Andrade re la t ion .  
specimens w e r e  strengthened by retained strain-hardening t h a t  was not recovered, 
a t  least nat during the  t r ans i en t  creep period, 
Apparently the  swaged 
14 
The r e l a t i o n  between t r ans i en t  creep rate ,  s t r e s s ,  and g ra in  s i z e  w a s  ca l -  
cu la ted  from equations (10) and ( 1 2 )  a s  
(13) p = K ' 5 2 .  9Lo. 22 C 
The good f i t  obtained with t h i s  r e l a t i o n  i s  shown i n  Fig. 10, where the  t r an -  
s i e n t  creep ra tes ,  normalized t o  a gra in  s ize  of 0.04 cm, a re  p l o t t e d  versus 
s t r e s s .  
The temperature dependency of the  t rans ien t  creep rates i s  shown i n  Fig. 11. 
The data over the  e n t i r e  temperature range studied, 2250' t o  3500' F, a r e  r e l a t e d  
by an ac t iva t ion  energy of 95,000 cal/(g)(mole) with no apparent i n f l ec t ions  i n  
the  curve. 
by the  c ross -s l ip  mechanism. It appears t h a t  below 0.5 Tm (2875O F) ,  c ros s - s l ip  
i s  t h e  predominant recovery mechanism, s o  t h a t  only t r a n s i e n t  creep i s  observed. 
Above 2875' F, creep i n i t i a l l y  i s  probably control led by the  r a t e  of recovery 
by c ross - s l ip  un t i l ,  a t  longer times, when creep r a t e  has diminished, the  slower 
recovery of edge d is loca t ions  by climb can become rate-control l ing.  
It i s  bel ieved t h a t  t h i s  ac t iva t ion  energy i s  associated with recovery 
CONCLUSIONS 
The following conclusions are  drawn from t h i s  study: 
1. The ul t imate  and y i e ld  s t rength  of arc-melted tungsten a t  2506' t o  3500' F 
decrease s ign i f i can t ly  with increasing grain s ize ,  t he  r e l a t i o n s  being 
and uy = BL-o.25. 
aU = 
2. The lower t e n s i l e  s t rength  of high-purity EB-melted tungsten as compared 
t o  arc-melted tungsten i s  a t t r i b u t e d  primarily t o  t h e  l a r g e r  g ra in  s i z e  of the  EB- 
melted mater ia l .  
melted tungsten being about 15 percent stronger than the  EB-melted tungsten a t  
similar g ra in  s izes .  
A smaller e f f e c t  i s  probably associated with puri ty ,  t he  arc-  
1 5  
3. There appeared t o  be no difference i n  creep behavior between arc-melted 
and EB-melted tungsten except t h a t  associated with grain s ize .  Impurit ies t h a t  
strengthened arc-melted tungsten during t e n s i l e  t e s t i n g  were not strengthening 
during creep. 
4. Both the steady creep r a t e s  and the t r a n s i e n t  creep r a t e s  increase with 
increasing gra in  size.  The creep r e l a t i o n s  a r e  6 = K ~ T ~ . ~ L ~ . ~ ~  and 
p = K'02*9Lo*22, where 6 and p are the steady and t r a n s i e n t  creep rates ,  
respect ively,  K and K' are  temperature-dependent constants, u i s  s t ress ,  
and L i s  average grain diameter. 
5. The ac t iva t ion  energy f o r  steady creep above about 3300' F w a s  
141,000 cal / (g)(mole) ;  from 3300° t o  2875' F it decreased. 
t h e  ac t iva t ion  energy suggests t h a t  dis locat ions climb i s  ra te -cont ro l l ing  
above 33000 F. 
w a s  95,000 c d / ( g ) ( m o l e ) ;  it i s  suggested t h a t  c ross -s l ip  i s  the  ra te -cont ro l l ing  
reac t ion  during t r a n s i e n t  creep. 
The magnitude of 
The ac t iva t ion  energy f o r  t r a n s i e n t  creep a t  2258 t o  3500' F 
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TABLE I. - ANALYSES OF TEST MATERIALS 
I 
- 
Element I Amount detected,  ppm 
Oxygen 
Nitrogen 
Carbon 
Hydrogen 
Aluminum 
I ron  
Molybdenum 
Nickel 
S i l icon  
Arc -melted 
tungsten 
(average of 
f ive  ingots) 
Electron-beam- 
melted tungsten 
(after two 
remelts ) 
5 + 2  
10 * 2 
6 f l  
<1 
9 + 5  
25 f 15 
15 
4 + 3  
10 * 2 
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TABLE 111, - CONSTANT-LOAD CREEP-RUPITURE DATA AT 3000' AND 3500 F 
Annealing Test Load, 
conditions, tem- p s i  
Time, Tem- ature, 
ature, 
per- 
h r  per- F 
OF 
1.79 
'3.62-9.8 
3 -37 
I 507 
13.5 
-637 
-215 
6.14 
2.32 
1 
Electron-beam-melted, Lot EB-1 
1 3600 3500 2,130 0,877 0.373 10,138.8 76.4 X 8  149 
4,760 12.9 80 44.8 83 X 8  420 
+ 
4200 3500  
l i f e ,  
Arc-melted, Lot  A 
3,020 
5 , 150 
1,980 .690 
3,040 
5,040 
2,470 ------ 
1,486 
'9,168.5 
1,191,3 
189,2 
Total  
elon- 
ga- 
t ion ,  
percent 
--e- 
30.8 
32.3 
22 .o 
44.1 
22.4 
---- 
Reduct ion 
i n  area,  
percent 
Average 
grain 
diameter , 
cm 
92 
18 7 
182 
146 
70 
13 7 
----- 
~ ~ ~~ 
Arc-melted, Lot E 
( f )  
1 
(f) 
1 
( f >  
4100 
( f) 
4100 
3000 
3000 
3 500 
3 500 
7,240 
4,760 
6,010 
7,390 
2,980 
5,130 
2,400 
3,580 
11,210 
2,673.1 
429.2 
6,541.8 
1,353.6 
257.7 
4,790.4 
714.6 
1,207,2 
e3, 800 
I 
81.2 
62 
44.2 
63.8 
40.6 
35.8 
61,5 
9 
31.7 
85.4 
93 
35.9 
52.6 
32.7 
61.7 
4.6 
66.2 
X 8  
7.3 
5.3 
16.6 
9.6 
19 ,5 
5.6 
5.5 
12.7 
11.5 
22 
TABLE IV, - STEP-LOAD CREEP DATA AT 2250' TO 4000° F 
Transient 
creep 
rate, 
I T e s t  I Annealing 1 Load, Steady 
creep 
rate, 
t e m -  
per- 
a t y e ,  
F 
& 
3500 
3 500 
conditions, psi- 
Time, Tem- 
hr per- 
a ture ,  
F 
0 
3000 
3 500 
3500 
4000 
10 -3 
sec  4 3  
-6 
sec-l 
10 
Arc-melted, Lot D 
3600 
3800 
- 
5,020 
5,480 
5,990 
6,540 
6,970 
4 490 
5,030 
5,490 
5,970 
6,490 
6 990 
Arc-melted, Lot F - 
4000 
4000 
4000 
4000 
- 
7,980 
8,970 
10,080 
10 980 
4,720 
5,530 
6 , 220 
6 940 
5,030 
5,530 
6,000 
6,480 
2,600 
2,890 
3,180 
3 490 A
15,7 
19,7 
30 
52.6 
96.6 
10.7 
15.3 
21.4 
30.7 
55 
110 - 
26 -3 
40 
84 
2 10 
19.5 
36.2 
68 -8 
1 7 1  
25 
35 
60 
115 
18,3 
26.7 
41.2 
73.4 - 
Average 
gra in  
iiameter, 
-3 
10 cm 
----- 
29 -7 
23 
TABLE IVo - CONCLUDED, STEP-LOAD CREEP 
AT 2250' TO 4000' F 
ature, 
3000 
4000 
2500 
3000 
3 500 
2250 
2 500 
2750 
2750 
2875 
3000 
3125 
32 50 
3525 
3630 
3355 
3495 
Transient 
creep 
rate, 
Arc-melted, Lot G 
Electron -b em-melt ed , Lo 
3000 
( a >  
(4  
3600 
3600 
3600 
 
4660 
5760 
6870 
4010 
4860 
2450 
2820 
3185 
3675 
4165 
6200 
5200 
6200 
4220 
4220 
4220 
4220 
4220 
3200 
3200 
3200 
3200 -
Steady 
creep 
rate, 
10 -6 
sec- l  
43.4 
81,3 
200 
2107 
30 
50.3 
93.3 
DATA 
Average 
gra in  
diameter, 
IO-' em 
---*- 
97.6 
a 
bAbnormal behavior 
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Fig. 1. - Tensile strength of arc-melted and electron-beam melted tungsten at 25M) to 
4143 F. 
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Fig. 2. - Yield and ultimate tensile strengths of arc-melted tungsten and ul t imate tensile 
strength of electron-beam-melted tungsten as a funct ion of g ra in  size. 
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Fig. 3. - Parabolic plot of true-stress - true-strain curves for annealed 
arc-ineltea‘ tungsten. 
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Fig. 4. - Representative creep curves of annealed arc-melted tungsten at 3ooo F. 
(annealed for 1 hr at 3600F; average gra in  diameter, 0.015 cm). 
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Fig. 5. - Steady creep rate as a function of stress, illustrating range of data. 
MELTING 
PROCESS 
ELECTRON 
ARC } 
BEAM 
TEST 
CREEP 
TENSILE 
TEMP, MELTING 
O F  PROCESS 
CS-?C907 
* t = :.0*074 v0
- .  
L 
I I I111111 I 1 1 1 1 1 1 1  I I111111  I I 1 1 1 1 1 1  
STRESS, 
PSI 
I I 1 1 1 1 1 1  I I 1 1 1 1 1 1  I I 1 1 1 1 1 1  
- 
AS SWAGED- 
P z 
/ 
L 
- 
I U I 
L 3000 1 
4000 35 1 
MELTING 
PROCESS 
ELECTRON 
ARC } 
BEAM 
TEST 
CREEP 
TENSILE 
Pwder mdallurgy tungsten 
data of Green. ref. 4 
(grain size 0.0037 cm) 
Q - 160 kcaU(g)(mole) 
Arc and EB-melted tungsten 
present study, 
Q - 141 kcall(g)(mole) 
a 
R ~ I ~ ~ O G I I  temperature, ~ - 1  
I 1  I I I i I 
5500 m 4500 m 3 m  m w)o 
I I I I  1 1  I I 
.90 .m .70 .60 .50 .45 
Homologous temperature 
Fig. 8. -Temperature dependence of steady creep constant. 
Temperature, 
. r .  
b 
l c  
.02 0 Arc-melted tungsten 
9 IJ E-B-melted tungsten 
0 E-6-melted tungsten 
I I l l 1  I I I I l l 1 1 1  
W 
aci * .Olb / 0 
. uvw .mF I I I I I 1 ~ 1 1  I I I 1 I I I I I  I I I 1  1 1 1 1 1  
10-7 10-6 10-5 10-4 
Steady creep rate, 6, sec-l 
Fig. 9. - Relation between transient and steady creep rates for 
tungsten at 2875Oto 35000 F. 
8 - .  
4 
* , K  f l  
c 
I I I I 
3m Ma) 2500 m 
Temperature, 9 
1 I I I I 
0.6 0.55 0.5 0.45 0.4 
Homolcqous temperature 
Fig. 11. -Temperature dependency of transient creep constant. 
